Chondroitinase was induced in Proteus vulgaris by chondroitin sulphate or by N-acetylgalactosamine. With batch cultures growing on chondroitin sulphate or N-acetylgalactosamine the differential rate of chondroitinase synthesis increased throughout the exponential growth phase. Induction of chondroitinase by chondroitin sulphate was prevented by glucose, glycerol, lactate, pyruvate or succinate. The rate of uptake of chondroitin sulphate by Proteus vulgaris suspensions was not altered by the presence of glucose. With steady state chemostat cultures, limited either by the supply of chondroitin sulphate or nicotinic acid, the specific activity of chondroitinase was maximal at diffusion coefficient ( D ) = 0.18 h-l. Addition of glucose to nicotinic acid-limited chemostat cultures resulted in an exponential reduction in chondroitinase specific activity ; this could be partially prevented by the simultaneous addition of 5 mM-adenosine cyclic-3',5'-monophosphate.
INTRODUCTION
Several studies have shown that Proteus vulgaris has the ability to depolymerize chondroitin sulphates. Dodgson & Lloyd (1957) reported that degradation of the polymer preceded the removal of sulphate groups from the molecule, and Martinez, Wolfe & Nakada (1959) showed that the growth of Proteus vulgaris on yeast extract was stimulated by the inclusion of chondroitin sulphate in the medium, consistent with this compound being used as a carbon source.
Subsequently Yamagata, Saito, Habuchi & Suzuki (1968) purified and characterized the chondroitin sulphate-degrading enzyme extracted from Proteus vulgaris NCTC 4636, grown on nutrient broth supplemented with 0.1 % chondroitin sulphate C. Chondroitinase (chondroitin sulphate A, B, C-lyase, EC. 4 . 2 . -. -.) was shown to degrade chondroitin sulphate A, chondroitin sulphate C and dermatan sulphate (chondroitin sulphate B) by an elimination reaction yielding 4,5-unsaturated sulphated disaccharides as sole products. When either chondroitin sulphate A or dermatan sulphate was used as substrate the product was ADi-qS, [ 
2-ace t am ido-2-deoxy-~-O-(~-~-gluco-~-enepyranosyluron~c acid)+ O-sulpho-D-galact ose] .
With chondroitin sulphate C as substrate the product was ADi-6S, [2-acetamido-2-deoxy-~-O-(~-~-gluco-~-enepyranosyluronic acid)-6-O-sulpho-~-galactose]. Yamagata et al. (I 968) further showed that Proteus vulgaris contained two specific sulphatases for which ADi-4S and ADi-6S were substrates. The product in both cases being ADi-oS [z-acetamido-2-deoxy-~-O-(/~-~-gluco-4-enepyranosyluron~c acid)-~-galactose]. Further metabolism of hDi-oS has not been elucidated.
The work described in this paper is concerned with the control of the synthesis of chondroitinase by Pvoteus vulgaris, which has remained little understood despite the intensive study of the catalytic properties of the enzyme referred to above and the increasing use of the 516 C. F. T H U R S T O N purified enzyme as an analytical and preparative reagent in the study of cartilage glycosaminoglycans (Mayes & Hansen, 1965 ; Hascall, Riolo, Hayward & Reynolds, 1972; Kempson, Muir, Pollard & Tuke, 1973) .
METHODS
Organism and media. Proteus vulgaris ~c~C 4 6 3 6 was maintained on nutrient agar slopes. All growth media except nutrient broth were based on a minimal salts medium (MM) which contained (g/l): K2HP04, 14.0; KH,P04, 6.0; NH4Cl, 2.0; MgS04.7H20, 0.2; iron as Fe-EDTA complex, 0-0002. When chondroitin sulphate C or Casamino acids were added they were introduced before autoclaving to give a final concentration of 2.0 g/l. For batch cultures, nicotinic acid was added as a filter-sterilized solution to give a final concentration of 0.5 mg/l.
Media for chemostat experiments were : MM + 2-0 g/1 chondroitin sulphate + 0.5 mg/l nicotinic acid (chondroitin sulphate limited); or MM + 2.0 g/1 chondroitin sulphate + 20 pg/l nicotinic acid (nitotinic acid limited). Other additions to media are described in the legends to Tables and Figures. Growth. All cultures were grown at 37 "C and pH 7.0. Biomass was determined turbidometrically using an EEL colorimeter with a blue filter (OBIO). Extinction was linearly related to dry weight of bacteria over the range of culture densities studied. For single determinations of chondroitinase activity and to provide inocula, 20 ml cultures in 250 ml conical flasks with sidearms were incubated on an orbital shaker. Batch cultures (I 1) were incubated in a 2 1 glass vessel, aerated at 500 ml/min and stirred mechanically with a stainless steel impeller and a stationary stainless steel baffle. Chemostat cultures (80 ml) were aerated at 80 ml/min and stirred magnetically. Fresh medium supply was controIled by an LKB Varioperspex pump (LKB Instruments, London). The culture volume was maintained constant by means of a steeply angled sidearm overflow tube. Samples from steady states were collected after not less than four culture volumes had been pumped through the system under fixed conditions. For experiments where the effect of additions to the chemostat was monitored, samples were collected from the overflow into tubes packed in ice. In assembling the data, each sample was assumed to have the properties of an instantaneous sample taken at a time halfway through the collection period.
Preparation of cell-free extracts. Samples of culture were centrifuged at 4 'C and all subsequent operations were carried out at o to 4 "C. Organisms were washed and resuspended in 0.05 M-tris-acetate (PH 8.0) and disrupted by five 30 s periods of treatment in a IOO W ultrasonic disintegrator tuned for maximum power output. Supernatant extracts were recovered after the broken-cell suspensions had been centrifuged at 35 ooo g for I h, and were stored frozen without measurable loss of chondroitinase activity.
Protein determination. Protein was determined using the method of Lowry, Rosebrough, Farr & Randall (1951) . Bovine serum albumin standards were used, containing the same concentration of tris-acetate buffer as the unknown samples.
Chondroitinase assay. Based on information given by Mayes & Hansen (1965) and Yamagata et al. (1968) , a continuous spectrophotometric assay was developed. In a final volume of I ml, the assay mixture contained 500 pg chondroitin sulphate A, 50 pmol tris-acetate (pH 8.0), and cell-free extract (usually 0.05 or 0.1 ml). A blank from which the cell-free extract was omitted was used. The assay was carried out in silica cuvettes with I cm pathlength, using an SP8ooB double beam recording spectrophotometer (Unicam Instruments Ltd, Cambridge), with a water-jacketed cuvette holder maintained at 37 "C by water pumped from a thermostated bath. Cell-free extract was added after the other components of the 
Batch cultures were sampled at the end of exponential growth. General conditions of culture, medium composition and assay procedure are described in Methods. Glucose, glycerol, and the sodium salts of lactic, pyruvic and succinic acids were 10 g/l.
assay mixture had been allowed to equilibrate to 37 "C, and increase in extinction at 232 nm was measured. The initial rate of increase of extinction was used to calculate the rate of formation of ADi-&, given that the molar extinction coefficient (e) for this compound is 5.1 x 103 litre.mo1-l. cm-1 at 232 nm (Yamagata et al. 1968) . One enzyme unit (E.U.) catalysed the production from chondroitin sulphate A of I pmol of ADi-qS/min at 37 "C. All extracts were assayed in duplicate.
Chemicals. N-acetyl-D-galactosamine, N-acetyl-D-glucosamine and adenosine-3',5'-cyclic, monophosphoric acid (cyclic-AMP) were obtained from Sigma (London) Chemical Co. Ltd, Kingston-upon-Thames, Surrey. Vitamin-free Casamino acids were obtained from Difco Laboratories, East Molesey, Surrey. Nicotinic acid was from Griffin & George Ltd, Wembley, Middlesex. Chondroitin sulphate C (extracted from shark cartilage) was from Koch-Light Laboratories, Colnbrook, Buckinghamshire. Highly purified chondroitin sulphate A was provided by Dr Helen Muir, Department of Biochemistry, Kennedy Institute of Rheumatology, London W. 6.
R E S U L T S
Efiect of mediuni composition on chondroitinase specijic activity Proteus vulgaris grew on chondroitin sulphate C as sole source of carbon (other than its required vitamin). High chondroitinase specific activity was detected in extracts from organisms grown in this way (Table I) . Similar,high specific activities were evident when organisms had been grown in nutrient broth or Casamino acids supplemented with chondroitin sulphate C, whereas growth on nutrient broth alone gave chondroitinase specific activity which was only 2 to 3 % of the value obtained when chondroitin sulphate C uas present (Table I ). In contrast, chondroitinase was not detectable in extracts from cultures grown on minimal medium containing chondroitin sulphate C together with either glucose, glycerol, lactate, pyruvate or succinate (Table I ) , nor was diauxic growth observed. Table 2 shows chondroitinase specific activities from organisms grown in media which did not contain chondroitin sulphate. N-acetylgalactosamine induced chondroitinase synthesis, giving a maximum specific activity which was two-thirds of the maximum obtained in batch cultures with chondroitin sulphate C as inducer. No other compound tested invoked a measurable increase of enzyme activity.
On: Fri, 12 Apr 2019 20:50:18 E.U./ml of culture was calculated assuming uniform cell disruption by ultrasonic treatment, which was corroborated by comparison of protein released with extinction for each sample.
C. F. T H U R S T O N

Kinetics of chondroitinase induction in batch cultures
Chondroitinase specific activity increased progressively during growth of Proteus vulgaris in media containing either chondroitin sulphate C (Fig. I) or N-acetylgalactosamine (results not shown). The differential rate of enzyme synthesis also increased progressively during growth with either inducer as shown in Fig. 2 . Chondroitinase specific activity did not increase after exponential growth had ceased. Chondroitinase activities of Proteus growing under steady state conditions Samples were withdrawn from chemostat cultures growing at fixed dilution rates between 0.08 and 0.42 h-1 (Dcrit = 0.48 h-l). Chondroitin sulphate was the growth-limiting nutrient in one series of experiments, and nicotinic acid in a second. With both types of nutrient limitation, chondroitinase specific activity increased with dilution rate up to D = 0.18 h-l and then decreased as the dilution rate was increased further (Fig. 3) . Maximum specific activity was 4-4 E.U./mg protein. All extracts from steady state cultures showed higher chondroitinase specific activities than those from batch cultures.
The e$fect of glucose and cyclic-AMP on chondroitinase activity in cliemostat cultures When glucose was added to nicotinic acid-limited chemostat cultures, chondroitinase specific activity declined exponentially (Fig. 4) whilst biomass density remained unchanged.
With a chemostat operating at D = 0.30 h-l, the culture doubling time is 2 -3 h. Hence it could be concluded that glucose completely prevented chondroitinase synthesis since the 520 A cell suspension grown in MM + chondroitin sulphate+ Casamino acids was washed and resuspended in 0.05 M-tris-acetate (pH 8.0) at a cell density of 0.5 mg/ml (dry wt). This was included in an assay system which had a total volume of 3.0 ml, containing 5.0 mg chondroitin sulphate A. The sonicated cell sample was not cleared by centrifugation as in the procedure described in Methods for preparation of cell-free extracts. Otherwise the procedure resembles that described for chondroitinase assay in cell-free extract.
C. F. T H U R S T O N
* Average of duplicates.
t Cells sonicated prior to assay.
specific activity of chondroitinase also diminished by one-half in 2.3 h. Five mM-cyclic-AMP added with the glucose lowered the rate at which chondroitinase activity declined, whilst in the absence of glucose addition of cyclic-AMP had no effect on the steady state enzyme level (Fig. 4) .
Inftirence of glucose on the rate of chondroitin sulpliate uptake by Proteus vulgaris Chondroitin sulphate was degraded by chondroitinase in suspensions of whole organisms (Table 3) . If the organisms were broken by ultrasonic treatment, the rate of degradation increased eightfold. Hence it appeared that the rate of uptake of chondroitin sulphate was the rate-limiting step in its degradation by whole cells. As glucose did not lower the apparent chondroitinase activity of whole cells it was concluded that glucose did not interfere with uptake of chondroitin sulphate. This conclusion would not be valid if the difference between the activity measured with broken and whole cells resulted from rapid metabolism of the product of the reaction catalysed by chondroitinase in the whole-cell preparation. Whilst such an explanation was not excluded by experiment, it is unlikely to occur in non-growing cells.
DISCUSSION
The specific activity of chondroitinase in Proteus vulgaris was similar in batch cultures grown either with chondroitin sulphate as sole source of carbon or with mixtures of chondroitin sulphate and Casamino acids (Table I) . It is inferred therefore that Casamino acids are a 'neutral' carbon source with respect to regulation of chondroitinase synthesis, and that the chondroitinase activity in cultures with Casamino acids as sole source of carbon can be taken to represent a basal level of synthesis (0.02 E.U./mg protein; Table 2 ). In batch cultures, chondroitin sulphate evoked a maximum 85-fold increase in chondroitinase activity from the basal level and in chemostat cultures, a maximum 220-fold increase. Although it is metabolized by Proteus, N-acetylgalactosamine is, in a sense, a gratuitous inducer, since metabolism does not involve the reaction catalysed by chondroitinase.
In Escherichia coli, induction of P-galactosidase by lactose is an indirect effect as lactose is converted by ,8-galactosidase to allolactose which is the true inducing metabolite (Jobe & 
